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Developmental gradients play a central role in axial patterning in hydra. As part of the effort towards elucidating the molecular basis of
these gradients as well as investigating the evolution of the mechanisms underlying axial patterning, genes encoding signaling molecules are
under investigation. We report the isolation and characterization of HyBMP5-8b, a BMP5-8 orthologue, from hydra. Processes governing
axial patterning are continuously active in adult hydra. Expression patterns of HyBMP5-8b in normal animals and during bud formation,
hydra’s asexual form of reproduction, were examined. These patterns, coupled with changes in patterns of expression in manipulated tissues
during head regeneration, foot regeneration as well as under conditions that alter the positional value gradient indicate that the gene is active
in two different processes. The gene plays a role in tentacle formation and in patterning the lower end of the body axis.
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A large number of studies have revealed that only a few
classes of signaling pathways are involved in the initiation
and maintenance of a wide variety of developmental pro-
cesses in bilaterians (Pires-daSilva and Sommer, 2003).
These are the TGF-h, Wnt, Hedgehog, Notch, JAK/STAT,
receptor tyrosine kinase (RTK) and nuclear hormone path-
ways. Genes encoding proteins active in six of these path-
ways have been isolated from members of the Cnidaria.
They include genes of the TGF-h pathway from the coral
Acropora (Hayward et al., 2002; Samuel et al., 2001) as
well as members of the Wnt (Hobmayer et al., 2000;
Minobe et al., 2000), Hedgehog (Kaloulis, 2000), Notch
(P. Towb and J. Posakony, personal communication), RTK
(Miller and Steele, 2000; Steele et al., 1996) and nuclear
hormone pathways (Escriva et al., 1997) from hydra. In
addition, several TGF-h receptors have been isolated from
the sponge Ephydatia (Suga et al., 1999). Thus, most of the0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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early as the diploblasts during metazoan evolution.
Cnidarians such as hydra have a single oral–aboral axis
with radial symmetry. An important part of the effort to
understand the molecular mechanisms underlying axis for-
mation and axial patterning in hydra deals with working out
the signaling pathways involved. Because of the tissue
dynamics of an adult hydra, most of the developmental
processes participating in cell differentiation, morphogene-
sis as well as axial patterning, are constantly active in the
adult animal (Bode, 2003). Hence, the activity of individual
genes and whole pathways involved in axial patterning can
be studied in the adult.
One pathway that plays a critical role in axial patterning
in bilaterians is the Wnt pathway. It is involved in establish-
ing the organizer and subsequently the dorsal–ventral axis
in frog and zebrafish embryos (Niehrs, 1999; Schier, 2001)
as well as the animal–vegetal axis in sea urchins (Emily-
Fenouil et al., 1998; Huang et al., 2000; Vonica et al., 2000).
It also provides positional information that determines the
polarity of specific regions during early stages of embryonic
development such as the polarity of the developing seg-
ments in a Drosophila embryo (Moline et al., 1999; Pfeiffer
et al., 2000, 2002). In hydra, the pathway also plays a role in
axial patterning. HyWnt, the hydra orthologue of Wnt-3A
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head (Hobmayer et al., 2000), where the head organizer is
located (Broun and Bode, 2002). It is also expressed early
on in the developing head organizer as the axis of a
developing bud is being set up. Two other members of the
pathway, Hyb-cat and HyTcf, the hydra orthologues of b-
catenin and Tcf/Lef, are also strongly expressed in the head
as well as during bud formation (Hobmayer et al., 2000).
More direct evidence for the role of the pathway was
obtained by blocking the activity of GSK-3h which led to
ectopic head organizer formation in the body column
(Broun et al., unpublished results).
The fact that BMP molecules, members of the TGF-h
family of signaling molecules, play roles in dorsal–ventral
patterning in both Xenopus (BMP2, -4, -7) and Drosophila
(dpp, screw) embryos suggests that these genes may have
similar roles in their evolutionary precursors, the diplo-
blasts. In addition, the interaction between the Wnt signal-
ing and the BMP signaling in Xenopus in dorsal–ventral
patterning (Harland, 2000) as well as in patterning the
imaginal discs and abdomen in Drosophila (Dubois et al.,
2001; Kopp et al., 1999), raises the interesting possibility
that BMPs may also play such a role in axial patterning in
hydra. Recently, a BMP2/4 ligand orthologue as well as
orthologues of several genes known to be involved in the
BMP signal transduction pathway have been isolated from
another cnidarian, the coral Acropora (Hayward et al., 2002;
Samuel et al., 2001). Additionally, a highly conserved R-
Smad orthologue, HySmad1-5, a BMP ligand mediator
molecule has been identified in hydra (Hobmayer et al.,
2001). These considerations led to a search for, and the
isolation of two BMP5-8 homologues in hydra. One of
them, HyBMP5-8b, appears to play a role in axial patterning
as well as in differentiation or morphogenesis during tenta-
cle formation.Materials and methods
Animals and culture conditions
Most experiments were carried out with animals of the
Zu¨rich and L2 strains of Hydra vulgaris. Two strains of H.
magnipapillata, the wild-type strain, 105, and the regener-
ation-deficient strain, reg-16, were used for head regenera-
tion experiments. Hydra were fed and maintained as
described by Martinez et al. (1997). Cultures were fed three
times a week and starved at least 1 day before selection of
animals for experiments.
Isolation and characterization of two Hydra BMP
orthologues
A fragment of the ligand region of a hydra BMP5-
8 orthologue was isolated by amplification from genomic
DNA using degenerate oligonucleotides and adaptor ligation-mediated PCR (splinkerette-PCR; Devon et al., 1995). Brief-
ly, 3 Ag of genomic DNA were digested with 10 U HindIII
followed by chloroform extraction and ethanol precipitation.
The DNA sample was ligated overnight at 4jC to 0.5 Ag of a




5 U T4 DNA ligase (Promega). Nested touchdown PCR
(Don et al., 1991) was carried out upon 1% of the ligated
material using annealing temperatures running from 53jC to
43jC. Primary splinkerette (5V-CGAAT-CGTAACCGTTCG-
TACGAGAA-3 V) and secondary spl inkere t te (5 V-
TCGTACGA-GAATCGCTGTCCTCTCC-3V) primers were
employed together with primary (5V-TAYGTIGAYTTYWSI-
GAYGT-3V) and secondary (5V-ATGAAYGCNACNAAYCA-
YGC-3V) degenerate primers corresponding to the conserved
BMP ligand amino acid sequences YV[D/S]F[S/R]DV and
[L/M]N[S/A]TNHAI, respectively. The PCR product, desig-
nated asHyBMP5-8awas purified by gel electrophoresis and
cloned into pGEM-T (Promega). The clone was sequenced
with the ABI Prism Big Dye Terminator Cycle Sequencing
kit (PE Applied Biosystems). Further, 5V sequence of the
HyBMP5-8a gene was obtained by genome-walking PCR
using the splinkerette method and specific primers designed
against the 5V end of the sequence obtained in the initial
degenerate PCR. 3VRACE was carried out according to Froh-
man (1993).
A second BMP gene was isolated by screening an
oligo(dT) primed Uni-ZapkXR Custom library derived
from regenerating hydra heads (gift of Mike Sarras) under
high-stringency conditions (Sambrook et al., 1989) with a
306-bp fragment spanning the mature ligand domain of the
HyBMP5-8a gene. This yielded a 1834-bp clone of a second
hydra BMP gene, termed HyBMP5-8b. This clone was
subsequently sequenced with the ABI Prism Big Dye
Terminator Cycle Sequencing kit.
Southern and Northern analyses
For Northern analysis, total RNA was extracted from
whole H. vulgaris polyps according to the method of
Chomczynski and Sacchi (1987). Poly(A)+ RNA was iso-
lated using oligo(dT) coupled to polystyrene latex beads
(Qiagen) as described by the manufacturer. Eight micro-
grams of poly(A)+ RNAwas separated by electrophoresis in
a formaldehyde gel, and was subsequently transferred to a
Genescreen nylon-based membrane (Dupont). Hybridiza-
tion with a [32P]-dATP-labeled 418-bp cDNA fragment,
corresponding to the mature ligand domain of the
HyBMP5-8a cDNA, was carried out using QuickHyb hy-
bridization solution (Stratagene) at 68jC for 18 h. The
membrane was washed at a final stringency of 0.2 SSC/
0.2% SDS at 50jC.
The same procedure was carried out for the detection of
HyBMP5-8b using a 418-bp cDNA fragment corresponding
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poly(A)+ RNA.
For Southern analysis, DNA was isolated from whole
polyps essentially as described by Davis et al. (1980).
Aliquots of the DNA (15 Ag) were digested with restriction
enzymes, fractionated in an agarose gel, transferred to a
Genescreen nylon-based membrane and probed with the
same fragment and hybridized using the same conditions as
for the Northern Analysis. The same Southern blot was
probed with a fragment corresponding to the mature ligand
domain of the HyBMP5-8a cDNA.
Phylogenetic analysis
A diverse sampling of TGF-h genes was used to provide
a thorough search for potentially closely related genes.
Alignments of amino acid sequences of the C-terminal
regions were performed using ClustalX (Thompson et al.,
1994) and edited by eye.
Phylogenetic trees were constructed using the program
Puzzle (Strimmer and von Haeseler, 1996), a maximum
likelihood-based method applying quartet puzzling. The
Dayhoff model (Dayhoff et al., 1978) was used as a an
amino acid substitution model. Maximum likelihood trees
were constructed from the aligned C-terminal regions allow-
ing rate heterogeneity among sites (eight variable gamma-
distributed rates and one fixed rate). Branch lengths corre-
spond to the number of changes. Numbers at each node
correspond to the percentage of replicates in which the node
was supported, a measure of statistical support (Strimmer
and von Haeseler, 1996).
A second molecular phylogenetic analysis was per-
formed in which maximum parsimony trees were con-
structed using the program PAUP*4.0b2 (Swofford, 1998).
The heuristic search option of PAUP*4.0b2 was used, with
500 random sequence taxon addition replicates along with
tree bisection and reconnection branch swapping. To obtain
the percentage of bootstrap values, 100 bootstrap replicates
were performed using simple taxon addition with tree
bisection and reconnection branch swapping. This analysis
yielded basically the same tree topology as the maximum
likelihood-based method (data not shown).
In situ hybridization
In situ hybridization analysis on whole mounts using
DIG-labeled RNA probes was carried out essentially as
described previously (Martinez et al., 1997). The antisense
RNA probe (approximately 0.4 ng/Al) against the HyBMP5-
8a gene included the complete cloned sequence. Two
antisense probes against the HyBMP5-8b gene were gener-
ated. One probe included the complete coding sequence of
the gene. The other probe spanned the first 397 bp of the
prodomain region of HyBMP5-8b. Both probes yielded the
same expression pattern. Samples were incubated at a probe
concentration of approximately 0.4 ng/Al.Tissue manipulations
For head regeneration experiments, H. magnipapillata
polyps and polyps of the regeneration-deficient strain of H.
magnipapillata, reg-16, were bisected either directly be-
neath the tentacle zone or half way down the body column.
After bisection, the lower halves were incubated at 18jC.
To examine foot regeneration, the upper halves of animals
of the L2 strain of H. vulgaris were bisected in the middle
of the body column or in the middle of the peduncle
region and were allowed to regenerate.
To lower the head activation gradient along the hydra
body column, animals of the H. vulgaris L2 strain were
incubated continuously in 0.5 mM LiCl in hydra medium.
The animals were fed as usual and washed daily with LiCl–
hydra medium solution. To raise the head activation gradient
along the body column and to induce ectopic tentacle
formation, animals of the H. vulgaris L2 strain were treated
with either 5 AM alsterpaullone (Broun et al., unpublished
results) or 2 mM LiCl in hydra medium for 2 days (Hassel
and Berking, 1990; Hassel and Bieller, 1996; Hassel et al.,
1993). After that they were transferred back to hydra
medium, and examined daily for ectopic tentacle formation.
The animals were not fed during either the 2 mM LiCl
treatment or the alsterpaullone treatment. Periodically, sam-
ples of each kind of manipulation were analyzed for the
expression of HyBMB5-8b using in situ hybridization.
Construction and injection of mRNAs into Xenopus embryos
Two different mRNAs were prepared. One consisted of
the entire ORF of HyBMP5-8b which was amplified by PCR
using the oligonucleotides 5V-TTTGCAGGATCCAATG-
AAAGTAACGTTATTAAGC-3V and 5V-GGCCTTGAA-
TTCCTATTGGCATCCAC-AGTG-3V. Subsequently, the
PCR product was subcloned into pCS2+ by using the
exonuclease III digestion method (Li and Evans, 1997)
and sequenced. The second mRNA was a Xactivin/
HyBMP5-8b fusion chimera containing the Xenopus acti-
vin prodomain and the Xenopus activin tetrabasic cleav-
age site. This segment was followed by the mature
peptide of HyBMP5-8b starting from the 33rd amino acid
before the first cysteine residue. To construct the Xacti-
vin/HyBMP5-8b fusion expression plasmid, the mature
region of the HyBMP5-8b gene was amplified by PCR
using the oligonucleotides 5V-CCG-TAAGAGAGGCAG-
TATGCAAGATAGTAT-3 V and 5 V-CTAGAGGCTC-
GAGCTA-TTGGCATCCACAGTG-3V. The amplified
products were subcloned in-frame into the StuI–XhoI
sites of pCS2+-Xactivin/FLAG-dnXBMP1 cDNA (Blitz
et al., 2000) using the exonuclease III digestion method.
All FLAG-dnXBMP1 sequence was eliminated.
For mRNA injection, embryos were obtained by in vitro
fertilization, de-jellied and maintained in 0.1 modified
Barth’s saline (MBS) using standard techniques (Cho et
al., 1991). Embryos were microinjected in 1MBS and then
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for microinjections were prepared using the Ambion mMes-
sage Machine SP6 in vitro transcription kit according to
manufacturer instructions. Animal caps were dissected in 1
MBS using watchmaker’s forceps at blastula stages 8–early
9 and maintained in 0.3MBS until sibling control embryos
reached tailbud stages.Results
Isolation of two BMP orthologues from H. vulgaris
To identify bone morphogenetic proteins (BMP) in hydra
we used a combination of splinkerette PCR (Devon et al.,
1995) using hydra genomic DNA as template, 3VRACE and
screening of a hydra cDNA library. These approaches
yielded two different hydra BMPs, HyBMP5-8a and
HyBMP5-8b. HyBMP5-8a, which is 1022 bp long, includes
the conserved portion of the typical ligand domain of a
BMP (Fig. 1a) as well as a fragment of the prodomain (194
amino acids). The HyBMP5-8b cDNA is full length and
contains a single open reading frame of 1215 nucleotides
that encodes a protein of 405 amino acids. The open reading
frame of HyBMP5-8b also displays all the conserved fea-
tures of a BMP family member (Fig. 1a). It contains a
predicted 22-amino-acid signal peptide for secretion that is
followed by a 243-amino-acid prodomain, a conserved
BMP maturation cleavage site (RLRR) and a 102-amino-
acid ligand region in the C-terminus. Southern blot analysis
indicated the existence of a single copy of each of the two
genes in hydra (data not shown). Northern analysis usingFig. 1. (a) Schematic of the predicted HyBMP5-8a and HyBMP5-8b proteins. The t
ligand region. RLRR and RFTR indicate the location of the tetrabasic cleavage si
processing of BMP signaling proteins. (b) Comparison of the C-terminal region sta
HyBMP5-8a and HyBMP5-8b with other members of the BMP subfamily of T
indicated in bold red letters. The species for each sequence is indicated in C. (c) M
residues over the C-terminal region by quartet puzzling using GDF3 as outgroup
Anopheles stephensi (As), Drosophila melanogaster (Dm), Halocynthia roretzi (H
(Xl), Acropora millepora (Am), Tribolium castaneum (Tc), Archaster typicus (At),
and Crassostrea gigas (Cg).stringent conditions showed that HyBMP5-8a and
HyBMP5-8b each encode a single mRNA species of ap-
proximately 2.3 kb (data not shown). HyBMP5-8a however,
is a less abundant mRNA since 8 Ag of polyA-RNA were
required to detect a signal as opposed to HyBMP5-8b where
2 Ag were sufficient.
Fig. 1b shows an alignment of the 102 C-terminal amino
acids of the presumptive mature BMP signaling peptide of
HyBMP5-8a and HyBMP5-8b with a range of related BMP
family proteins. The C-terminal amino acid region of the
two hydra BMP genes contains seven invariant cysteine
residues characteristic of BMP signaling peptides (Fig. 1b).
They are necessary for dimerization and formation of the
characteristic TGF-h cysteine-knot structure. In this con-
served ligand region, the two hydra genes are more closely
related to one another (82% identity) than to the conserved
mature ligand region in the deuterostome BMP5-8 genes
(58–65% identity). Both HyBMP5-8a and HyBMP5-8b
show a lower degree of similarity to BMP2/4 genes, with
47–52% identity, suggesting they are more closely related
to BMP5-8 genes.
Phylogenetic analysis (Fig. 1c) of members of the TGF-h
family of signaling molecules confirms that HyBMP5-8a
and HyBMP5-8b cluster together with the BMP5-8 subfam-
ily of TGF-h signaling molecules as indicated by the level
of statistical support. The tree also shows that following the
divergence of cnidarians and bilaterians, the two genes
originated in hydra presumably by a gene duplication event.
Thus, both genes are equally related to all bilaterian BMP5-
8 family genes.
Several cnidarian genes introduced into either Xenopus
or Drosophila embryos mimic the activity of their bilaterianhree regions correspond to the signal peptide, the prodomain and the mature
tes, which conform to the consensus RXXR cleavage signal for proteolytic
rting with the first conserved cysteine residue of the mature ligand region of
GF-h signaling molecules. The seven characteristic cysteine residues are
aximum likelihood tree of BMP genes constructed from an alignment of 163
. The tree includes sequences of Homo sapiens (Hs), Hydra vulgaris (Hv),
r), Strongylocentrotus purpuratus (Sp), Danio rerio (Dr), Xenopus laevis
Branchiostoma belcherii (Bb), Ptychodera flava (Pf), Patella vulgaris (Pv)
Fig. 1 (continued).
B. Reinhardt et al. / Developmental Biology 267 (2004) 43–59 47orthologues demonstrating that the function of the gene has
been conserved (Broun et al., 1999; Grens et al., 1995;
Hayward et al., 2002; Hobmayer et al., 2000). We tested
whether HyBMP5-8b has ventralizing activity in Xenopus
embryos similar to that of its Xenopus homologue XBMP7.
Surprisingly, the injection of HyBMP5-8b mRNA into
Xenopus embryos did not promote the development of
ventral mesoderm. Instead, it had a dorsalizing effect, which
led to the formation of secondary axes (data not shown).
Furthermore, the injection of HyBMP5-8b mRNA into
Xenopus embryos led to the induction of cement glands in
dissected ectodermal explants (‘‘animal caps’’), suggesting
that HyBMP5-8b inhibits endogenous BMP signaling in
Xenopus embryos. Hence, HyBMP5-8b does not mimic
the activity of XBMP7.
However, preliminary data suggest that HyBMP5-8b
does indeed act as a BMP peptide in hydra. Staining of
whole mounts of hydra with an antibody raised against the
phosphorylated version of the receptor activated Smad 1
protein shows overlapping activation of BMP signaling with
the HyBMP5-8b expression (data not shown).These results suggest that HyBMP5-8b is a typical BMP
protein, but that HyBMP5-8b cannot substitute for XBMP7
of the vertebrate BMP5-8 genes. The phylogenetic analysis
shows that HyBMP5-8b is equally related to all the members
of the BMP5-8 group, not simply to vertebrate BMP7 genes.
Therefore, HyBMP5-8b need not minic the XBMP7 func-
tion in axis formation in Xenopus embryos.
HyBMP5-8b plays a role in tentacle formation
To determine the expression patterns of the two genes,
in situ hybridization was carried out on whole mounts of
hydra. HyBMP5-8a was expressed rather uniformly at a
low level throughout the body column, and at a still lower
level in the hypostome and tentacles. It was not expressed
in the foot (data not shown). This low level of expression
is consistent with the low level of HyBMP5-8a mRNA
detected with Northern blot analysis. In contrast, HyBMP5-
8b is expressed quite strongly in two locations along the
body column in an adult hydra: in the part of the head
where the tentacles emerge, and in the lower 1/3 to 1/2 of
Fig. 1 (continued).
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in three different strains of H. vulgaris (L2, Zu¨rich, Basel)
as well as in the 105 strain of H. magnipapillata. The
expression pattern associated with the tentacles was exam-
ined in more detail in four different contexts.
Adult animal
The head of a hydra consists of two parts. The apical half,
the hypostome, is a dome containing the mouth, while the
tentacles emerge from the lower half, the tentacle zone. As
shown in Fig. 2B, HyBMP5-8b expression in the head is
restricted to the tentacle zone. More specifically, expressionof the gene is confined to a band of endodermal epithelial
cells that bridges the tentacle zone–tentacle border. As part of
the tissue movements in the animal, tissue is displaced in an
apical direction from the body column into the tentacle zone.
From there it is displaced across the tentacle zone–tentacle
border onto the tentacles, and eventually sloughed at the
tentacle tips (Campbell, 1967b). Thus, these cells transiently
express HyBMP5-8b as they traverse the tentacle zone–
tentacle border, suggesting the gene plays a role in maintain-
ing the steady state of the tentacles in the adult. This
expression of HyBMP5-8b in the adult head suggests the
gene would also have a role in the development of tentacles.
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Bud formation, hydra’s form of asexual reproduction,
involves de novo axis formation. The budding zone, where
bud formation takes place, is 60–70% of the distance down
the body column from the head. The first sign of a
developing bud is the enlargement of a small cluster of
cells in the ectoderm in the budding zone into a placode
(stage 1, bud stages as described by Otto and Campbell,
1977). The placode subsequently evaginates into a cone
(stages 2 and 3), and then elongates into a cylindrical
protrusion (stages 4 and 5). Thereafter, a head forms at
the distal end and a foot at the proximal end of the
protrusion. Eventually, the young polyp detaches from the
parent (Otto and Campbell, 1977).
HyBMP5-8b is not expressed during early stages of bud
formation (Figs. 3A, B), but begins to be expressed just
before the emergence of the tentacles. By bud stage 5, spots
of HyBMP5-8b expression appeared in the endodermal
epithelial cells just below the protruding tip (Fig. 3C).
Subsequently, tentacle buds emerge through the HyBMP5-
8b spots and elongate into tentacles thereby setting up the
adult pattern of expression in the head (Figs. 3D, E). This
pattern of expression indicates that the gene has a role in the
initiation as well as the maintenance of tentacle formation.
One other point concerns the timing of expression. In a
young bud, the first two tentacles form on the side of the
bud facing the foot of the parent (Otto and Campbell, 1977).
Similarly, the first HyBMP5-8b spots appeared on this side
of the bud (Fig. 3C). Thus, the beginning of expression of
the gene is tightly coupled with the emergence of a tentacle
bud.Fig. 2. Expression pattern of HyBMP5-8b in an adult H. vulgaris (Zu¨rich strain) a
indicate the apical and basal boundary of the expression in the lower third of the b
expression at the base of a tentacle. (C) Higher magnification view of the foot: aHead regeneration
Removal of the head leads to the morphallactic regen-
eration of a new head at the distal end of the remaining
body column (Bode, 2003). Wound healing occurs within
3–5 h after decapitation, and tentacle and hypostomal
structures appear after 36–48 h. We monitored the reap-
pearance of HyBMP5-8b expression during head regener-
ation in animals of the 105 strain, the wild-type strain of
H. magnipapillata. The animals were bisected directly
below the tentacles. As early as 1 h after decapitation,
expression was visible in a small area at the apex of the
animal in the endodermal epithelial cells (Fig. 4A). This
expression remained unchanged during the following 20 h,
but increased in area and staining intensity by 24 h (Fig.
4B). Thereafter, (28–32 h) the stain in the cap diminished
and spots appeared at the lower edge of the cap. By 36 h,
the cap stain had disappeared completely and only spots
remained (Fig. 4C). By 40–48 h, tentacle buds emerged
precisely through the spots of HyBMP5-8b expression
(Fig. 4D). Thus, the same relationship between the appear-
ance of the HyBMP5-8b spots and tentacle emergence was
observed during bud formation and head regeneration.
To obtain further evidence that HyBMP5-8b is activated
during head formation we analyzed its expression in reg-16,
a mutant strain of H. magnipapillata, which is defective in
head regeneration (Achermann and Sugiyama, 1985). When
reg-16 is bisected, most animals do not regenerate a head,
while some form a partial head and a few regenerate a
complete head. Expression of HyBMP5-8b was followed for
6 days in animals bisected beneath the tentacles. As in the
wild-type animals, expression was detected at the apex ofs detected by whole-mount in situ hybridization. (A) Whole animal: arrows
ody column. (B) Higher magnification view of the head: arrow indicates the
rrow indicates the sharp basal border of expression.
Fig. 3. Changes in the HyBMP5-8b expression pattern during bud formation in H. vulgaris (L2 strain). (A) Stages 2–3. (B) Stage 4. (C) Stage 5: arrow
indicates the first appearing tentacle. (D) Stage 6: arrow indicates the bud tip devoid of HyBMP5-8b expression. (E) Stage 9: arrow indicates the newly formed
foot devoid of HyBMP5-8b expression.
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wild type, the intensity of stain decreased by 24 h (Fig. 4F)
and vanished by 36 h (Fig. 4G). In the few regenerates
(approximately 5%) that formed a single medial tentacle or
two tentacles on opposite sites of the tip, HyBMP5-8b was
expressed at the base of those tentacles as observed in wild-
type animals (Fig. 4H). The results obtained with reg-16
tighten the correlation of the expression of HyBMP5-8b
with tentacle formation, as the gene is not expressed when
tentacles do not form.
HyBMP5-8b is specifically associated with tentacle
formation
To demonstrate that the gene is directly involved in
tentacle formation, it would be useful to examine its
expression in a situation where tentacles but no other
part of the head forms. Treatment of whole animals with
either 2 mM LiCl or 5 AM alsterpaullone results in the
formation of individual ectopic tentacles on the body
column. Hypostome or complete heads do not form after
2 mM LiCl treatment (Hassel and Bieller, 1996), and
form only about a week after the appearance of ectopic
tentacles following alsterpaullone treatment (Broun et al.,
unpublished results).
Animals were treated for 48 h with either 2 mM LiCl or 5
AM alsterpaullone, and then transferred back into hydra
medium. Two to three days after end of treatment, ectopic
tentacles began to emerge in the upper part of the body
column in LiCl-treated animals, and over most of the bodycolumn in alsterpaullone-treated animals. The changes in
HyBMP5-8b expression that occurred during the develop-
ment of the ectopic tentacles resembled the expression
pattern of this gene as tentacles develop during bud forma-
tion and head regeneration. HyBMP5-8b was first expressed
in spots in the upper third of the body column for LiCl-
treated animals (Fig. 5A), or all over the body column in
alsterpaullone-treated animals (Fig. 5B). A day later, ectopic
tentacles emerged from those spots (Figs. 5A, C). Develop-
ing and fully formed tentacles had the characteristic staining
pattern in the endodermal epithelial cells at the base of each
ectopic tentacle (Figs. 5A, C). Thus, HyBMP5-8b expres-
sion in the lower part of the head is associated specifically
with the formation of tentacles.
HyBMP5-8b expression in the hypostome is regulated by the
head organizer
As the head forms at the oral/anterior end during both head
regeneration and bud formation, one might expect the
changes in the pattern of expression of HyBMP5-8b to be
similar in the two circumstances. However, as described
above, the early stages of the two patterns are rather different.
During head regeneration, the gene is expressed very early at
the apical tip and later is displaced in basal direction to the
tentacle zone where the tentacles will appear. In contrast,
during bud formation, the gene is not expressed at the apex of
the developing bud, but appears initially in the developing
tentacle zone only shortly before the emergence of the
tentacles.
Fig. 4. HyBMP5-8b expression in the regenerating head following decapitation in the wild-type strain 105 (A–D), and in the regeneration deficient mutant
strain reg-16 (E–H) of H. magnipapillata. Samples were examined at (A, E) 1 h, (B, F) 24 h, (C, G) 36 h and (D, H) 48 h. (H) Only 5% of the reg-16
regenerates formed a head with one or two tentacles at opposite sites.
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formation of the head organizer which resides in the
hypostome (e.g. Broun and Bode, 2002). Since HyBMP5-
8b is not expressed in the mature hypostome, it is plausible
that the gene might not be expressed in the region where the
organizer forms. To examine this possibility, the timing of
head organizer formation was measured during both bud
formation and head regeneration.
A direct assay for the presence of a head organizer is the
transplantation of a small piece of tissue into the body column
of an India Ink-labeled host to determine if it can induce the
surrounding tissue to participate in the formation of a second
axis (Broun and Bode, 2002). The presence of India Ink in the
tentacles and body column of the induced second axis
provides a measure of the presence of the organizer.
To determine when the head organizer formed in a
developing bud, whole buds at stages 1,2 and 3 wereFig. 5. HyBMP5-8b expression in animals treated with 2 mM LiCl (A) or alsterpau
of the LiCl treatment. Left arrow indicates a spot of HyBMP5-8b expression before
with HyBMP5-8b expression at the base. (B) Alsterpaullone-treated animal with sp
treatment. (C) Alsterpaullone-treated animal with clearly visible ectopic tentaclestransplanted to the middle of the body column of host
animals labeled with India Ink (Fig. 6A). Since bud forma-
tion is inhibited by the head inhibitor produced in the host
head (MacWilliams, 1983a; Wilby and Webster, 1970), the
host was decapitated to obtain a clearer view of the timing
of organizer formation.
As shown in Fig. 6B, by stage 3, the organizer had
formed, as > 90% of the transplants had formed second axes,
all of which contained stained tentacles. This occurs fairly
rapidly since the timing from stages 1 to 3 is approximately
18 h (Technau and Holstein, 1995). Hence, the organizer is
set up during the early stages of bud formation. As
HyBMP5-8b is never expressed in the developing hypo-
stome during bud formation, this is consistent with the
absence of its expression in the head organizer.
A similar experiment was carried out for determining the
course of head organizer development during head regen-llone (B, C). (A) Expression in the upper part of an animal 5 days after start
ectopic tentacle is visible, while the right arrow indicates an ectopic tentacle
ots of HyBMP5-8b expression all over the body column 5 days after start of
6 days after start of treatment.
Fig. 7. Accumulation of inductive capacity in a regenerating head. (A)
Diagram and (B) results of the grafting procedure.
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BL (body length), or 1/4 of the distance down the body
column from the head (Fig. 7A), and allowed to regenerate
for varying lengths of time. Then the apical tip was isolated
and cut in half resulting in a piece of tissue that had 1/2 to 2/
3 the mass of the hypostome, and transplanted to an India
Ink-stained decapitated host. The time course of organizer
formation was much slower than during bud formation.
Organizer capacity rose slowly during regeneration reaching
a maximum by 72 h (Fig. 7B). By 24 h when head organizer
development was complete during bud development, only a
third of the regenerating head transplants had developed
head organizer capacity. Here too the expression of
HyBMP5 8b is inversely correlated with head organizer
formation. During very early stages, the gene is expressed in
the apex of the regenerating head. By 36 h when head
organizer capacity is growing, expression in the apex has
vanished, having been displaced into the developing tenta-
cle zone where tentacles will emerge.
Hence, the differences in the expression pattern of the
gene during early stages of head development are inversely
correlated with the development of the head organizer. This
suggests that the head organizer negatively regulates
HyBMP5-8b expression.
Expression of HyBMP5-8b in the lower half of the body
column is controlled by factors related to axial patterning
Expression in adults and developing buds
The second domain of HyBMP5 8b expression is in the
lower part of the body column. The gene is expressed in the
ectodermal epithelial cells of the budding zone and the
peduncle, but not in the foot (Figs. 2A, C). The basal border
of this expression domain is quite sharp (Fig. 2C), while theFig. 6. Accumulation of inductive capacity in the apical tip of developing
bud. (A) Diagram and (B) results of grafting.apical border varies from less to fairly sharp. As mentioned
earlier, processes governing axial patterning are constantly
active due to the tissue dynamics in an adult hydra. In both
tissue layers, the epithelial cells of the body column are
constantly in the mitotic cycle. This results in the continuous
displacement of the tissue of both layers towards the
extremities, apically into the head and basally into the foot
(Campbell, 1967b). Hence, as ectodermal epithelial cells
move into the budding zone they begin to express HyBMP5-
8b and continue expression as they move through the
budding zone and the peduncle.
As the tissue enters the foot, expression of HyBMP5-8b is
abruptly turned off. A similar pattern was observed during
bud formation. After elongation into a cylindrical protrusion,
the ends of the bud begin to develop. By stage 5,HyBMP5-8b
is expressed quite strongly at the proximal end (Fig. 3D).
Then, as the basal ends starts to constrict and the foot
develops, expression is shut off (Fig. 3E). At this point, the
expression pattern has become that observed in the adult.
The pattern of expression in the adult occurs within the
context of the tissue dynamics of an adult hydra. The fact that
the pattern is constant while the tissue of the lower part of the
body column is continuously moving in a basal direction
suggests that the processes governing axial patterning may
regulate expression of HyBMP5-8b along the body column.
HyBMP5-8b expression in the body column is controlled by
the positional value gradient and the foot
The axial patterning of an adult hydra polyp is main-
tained by a morphogenetic gradient that has been variously
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value gradient (Wolpert, 1971), a source density gradient
(Gierer and Meinhardt, 1972) or a head activation gradient
(MacWilliams, 1983b; Muller, 1996). The gradient is
maximal near the head decreasing down the body column
to a minimal value near the foot. The head forms at high
levels of positional value while the foot forms at low
levels. The expression of HyBMP5-8b in the lower third of
the body column suggested that HyBMP5-8b might be
activated in response to positional values below a specific
threshold, which would correspond to the budding zone
and peduncle. Changing the level of the positional value
throughout the animal might contract or expand the do-
main of HyBMP5-8b expression. To explore this idea,
animals were treated with 0.5 mM LiCl or alsterpaullone,
two reagents that affect the level of the gradient throughout
the body column.
Treatment with 0.5 mM LiCl decreases the level of
positional value, causing cells of the body column to behave
as if they were located closer to the foot (Hassel and Berking,
1990; Hassel and Bieller, 1996; Hassel et al., 1993). Two daysFig. 8. Changes in expression of HyBMP5-8b along the body column due to treatm
(B) Three days of 0.5 mM LiCl treatment. (C) Fifteen days of 0.5 mM LiCl treatme
alsterpaullone treatment. (E) Two days of alsterpaullone treatment.after begin of treatment, the upper boundary of HyBMP5-8b
expression had been shifted apically (Fig. 8B) compared to
the control (Fig. 8A). Longer treatment led to a continual
apical expansion of expression along the body column.
During this expansion, the apical border of HyBMP5-8b
expression was less sharp than in the control animals (Fig.
8A). By 8 days after the start of treatment, the expression
reached its upper limit at the border between the regions 1 and
2 of the body column (Fig. 8C). Further treatment with LiCl
(as long as 17 days) did not result in any further apical
expansion of HyBMP5-8b expression.
Conversely, treatment of hydra polyps with alsterpaul-
lone converts body column tissue into head organizer
tissue and raises the level of head activation throughout
the body column (Broun et al., unpublished results). As
described above, such animals generate ectopic tentacles in
the body column 4–6 days after treatment and later
secondary heads. Hydra polyps were treated for 2 days
with 5 AM alsterpaullone and then transferred back into
hydra medium. The expression of HyBMP5-8b in the
lower body column vanished completely after 24 h ofent with 0.5 mM LiCl (A–C) and alsterpaullone (D–E). (A) Control animal.
nt. Arrows indicate apical border of HyBMP5-8b expression. (D) One day of
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expression at the base of the tentacles was no longer
observed (Fig. 8E). Hence, raising the level of the head
activation gradient blocked expression of HyBMP5-8b in
the body column. Thus, both treatments indicate that the
range of HyBMP5-8b expression along the body column is
affected by the level of positional value.
The second factor affecting expression of the gene in the
lower part of the body column is the foot. The foot exerts
control over axial patterning in a similar manner as does the
head, but to a more limited extent (Cohen and MacWil-
liams, 1975). When an adult hydra is bisected at any axial
level along the body column, the apical piece will regen-
erate a foot at its basal end. Animals were bisected either in
the middle of the body column or directly above the foot
(Fig. 9E). In both cases, HyBMP5-8b was strongly
expressed in the regenerating tip at the basal end within
an hour after bisection (Figs. 9B, F). It remained high
(Figs. 9C, G) until a morphological foot began to appear
expression of the gene in the regenerating tip vanished
(Figs. 9D, H).
Removal of the foot also affected expression in the
neighboring peduncle and budding zone in that the level
of expression was reduced (Figs. 9B, C, F and G) compared
to controls (Fig. 9A). Subsequently, when the foot had
regenerated, the level of expression rose to the level
observed in the adult (Figs. 9D, H).Fig. 9. HyBMP5-8b expression during foot regeneration following bisection in the
G, H). (A) Control. (E) Bisection scheme. Time after bisection: (B, F) 1 h, (C, GThus, the foot regulates HyBMP5-8b expression, and the
range of HyBMP5-8b expression along the body column is
affected by the level of positional value.Discussion
HyBMP5-8b plays a role in two different developmental
processes
In bilaterians, BMP signaling molecules are involved in a
variety of developmental processes. These include axial
patterning as in the role of BMPs in dorsal–ventral pattern-
ing in bilaterian embryos (Ferguson, 1996; Holley and
Ferguson, 1997), and morphogenesis such as the branching
of the developing lung (Weaver et al., 1999, 2000). BMPs
are also involved in differentiation as they play a role in the
specification of several tissues such as the cardiac meso-
derm in Drosophila (Frasch, 1995; Jagla et al., 1997; Wu et
al., 1995), or the embryonic ectoderm in Xenopus and
Drosophila (Hemmati-Brivanlou and Melton, 1997; Rusch
and Levine, 1996; Sasai and De Robertis, 1997). And, they
are involved in growth processes such as the outgrowth of
the chick feather and chick limb buds (Jung et al., 1998;
Niswander and Martin, 1993; Noramly and Morgan, 1998;
Pizette and Niswander, 1999). Often, a specific BMP
signaling molecule is involved in more than one processmiddle of the body column (B, C, D) and near base of the body column (F,
) 24 h, (D) 36 h and (H) 42 h.
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Similarly, in an adult hydra, HyBMP5-8b plays more than
one role. It is involved in an aspect of axial patterning as
well as in either, or both, the morphogenesis of tentacles or
the differentiation of cells at the tentacle–tentacle zone
border. That the gene plays more than one role in an adult
hydra is not surprising since these developmental processes
are continuously active in the context of the tissue dynamics
of the animal.
A role for HyBMP5-8b in axial patterning
As mentioned earlier, the tissue dynamics of an adult
hydra involves the constant production of cells by prolifer-
ation in the body column. This is coupled with continual
displacement of tissue apically into head tissue and basally
into foot tissue. At both ends, the tissue is sloughed at the
extremities. To maintain the constant morphology as well as
the regional distribution of cell types, the patterning pro-
cesses are constantly active in an adult hydra. The major
element in these patterning processes is the head organizer
in the hypostome (Broun and Bode, 2002; Technau et al.,
2000). It produces a signal, which is transmitted to the body
column, where it sets up a morphogenetic gradient that
decreases down the body axis. This gradient referred to here
as the positional value gradient confers the capacity for head
formation on tissue of the body column. In addition, the
head organizer produces and transmits a second signal
termed head inhibition (MacWilliams, 1983b), which is also
graded down the body column, and prevents tissue from
exercising their capacity to undergo head formation.
Regulation of HyBMP5-8b expression in the body column
Along the oral–aboral axis, HyBMP5-8b is expressed in
the budding zone and peduncle, but nowhere else. In the
context of the tissue dynamics and the positional value
gradient, expression of the gene is continuously upregulated
as tissue leaves the upper body column and enters the
budding zone. Then it is constantly expressed until the
basally moving tissue crosses the peduncle–basal disk
border, where expression ceases. This steady state pattern
suggests that expression of the gene is connected to, or
regulated by the positional value gradient.
Treatments with reagents that change the positional value
gradient along the body column support this view. When
treated with 0.5 mM LiCl, which lowers the positional value
gradient, the range of expression expands up the body
column. CnNK2, another gene expressed in the peduncle
reacts in a similar manner (Grens et al., 1996). Conversely,
when treated with alsterpaullone, which suddenly and
drastically raises the level of positional value throughout
the body column (Broun et al., unpublished results), the
expression of HyBMP5-8b in the lower third of the body
column vanishes within 1 day. These responses indicate that
the gene is activated when the level of positional value
drops below a certain threshold value.The foot also exerts control over the expression of the gene
in the lower half of the body column. When the foot is
removed, expression in the budding zone and peduncle drops.
Once the foot has regenerated, the level of expression of
HyBMP5-8b eventually regains a normal level. As explained
in a later section, this change could be due to a raising of the
positional value gradient upon removal of the foot.
One other aspect of HyBMP5-8b expression during foot
formation is not obviously connected with the gradient.
Within an hour after removal of the foot, the gene is expressed
at a very high level as foot regeneration commences.
Possible roles of HyBMP5-8b in the peduncle
Although the control of the expression is tightly coupled
to the positional value gradient, the specific role of the gene
is less clear. The epithelial tissue of the peduncle differs from
that of the upper body column in that the epithelial cells of
both layers are quite squamous compared to the cylindrical
cells of the rest of the body column. Hence, the gene could be
involved in specifying peduncle tissue. The high level of
expression during foot regeneration coupled with the low
level found in the peduncle suggests another possibility. The
gene may play a role in foot formation. During foot regen-
eration, the process happens quickly so that a high level of
the HyBMP5-8b protein may be necessary. In contrast, tissue
of the peduncle moves slowly into the foot region plausibly
requiring a lower level of the protein to carry out the
conversion of body column tissue to foot tissue. The gene
could have one or both of these roles.
HyBMP5-8b plays a role in tentacle formation
Because of the tissue dynamics, morphogenetic and
differentiation processes are continuously active in hydra.
A striking example in which both types of processes take
place involves tentacle formation. The expression patterns
of HyBMP5-8b related to tentacle formation indicate it plays
a role in one or both of these processes.
Shortly before tentacles begin to form during bud for-
mation and head regeneration, the gene is expressed in a
ring of spots below the developing hypostome. Subsequent-
ly, a tentacle emerges through each spot. This suggests that
the gene may be required for initiation of tentacle formation.
This view is reinforced by the tight correlation between the
timing of the appearance of spots and tentacle formation. In
the head regeneration defective mutant, reg-16, in which
tentacles are rarely formed (Achermann and Sugiyama,
1985), HyBMP5-8b is expressed only when tentacles ap-
pear. And, when an ectopic tentacle is induced along the
body column, its appearance is always preceded by the
expression of the gene as a spot on the body column, from
which the ectopic tentacle subsequently emerges.
Once the tentacles have formed, the gene is constantly
expressed at the tentacle zone–tentacle border indicating it
continues to play a role as tentacle zone tissue is converted
into tentacle tissue. Conversion of tentacle zone tissue into
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dynamics involving the displacement of tissue from the
body column through the tentacle zone onto the tentacles
and eventual loss at the tentacle tips. As there are two major
developmental processes that occur when tissue is displaced
from the tentacle zone onto a tentacle in the adult as well as
when a new tentacle emerges, HyBMP5-8b could be in-
volved in either one.
Two possible roles for HyBMP5-8b during tentacle
formation
The first is in the actual morphogenesis of a tentacle.
This is initiated by the evagination of small circular region
of the tentacle zone tissue. Subsequently, the evaginating
epithelial cells of both layers change shape from the
cylindrical cells of the tentacle zone to the flat, squamous
battery cells of the tentacle (Campbell, 1967a; Dubel et al.,
1987). The expression of HyBMP5-8b in a narrow band at
the border could mean it is involved in this transition in cell
shape resulting in the evagination. As tissue continues to be
displaced onto the tentacles from the tentacle zone, epithe-
lial cells continue undergo changes in shape. One gene
known to play a role in this process is HyAlx, a hydra
aristaless orthologue, which has a similar expression pattern
to that of HyBMP5-8b (Smith et al., 2000). Newly devel-
oping tentacles evaginate through spots of HyAlx during
head formation, and the gene is expressed in a narrow band
at the tentacle zone–tentacle border in the adult (Smith et
al., 2000). The one difference is that HyAlx is expressed in
the ectoderm instead of the endoderm. Using RNAi during
bud formation results in a significant delay in the appear-
ance of tentacles indicating the gene plays a role in the
morphogenesis of a tentacle (Smith et al., 2000). Given the
similarity in the expression pattern in the tentacles to HyAlx,
HyBMP5-8b could play a role in morphogenesis.
The second possible role of HyBMP5-8b could be related
to differentiation. As the epithelial cells of both layers are
displaced across the tentacle zone–tentacle border, they
undergo dramatic changes in their cellular properties. While
in the tentacle zone, the epithelial cells are proliferating, but
as they cross the tentacle zone–tentacle border and enter the
tentacle, they become permanently arrested in the G2 phase
of the cell cycle (Dubel et al., 1987). At the same time, the
ectodermal epithelial cells begin to undergo terminal differ-
entiation to form the tentacle-specific battery cells (Camp-
bell, 1967a; Dubel et al., 1987). These changes occur
suddenly, as a cell in the tentacle zone expresses different
genes than does its immediate neighbor on the tentacle side.
For example, CnOtx (Smith et al., 1999) and Cnox3 (Bode,
2001) are expressed in the ectodermal epithelial cells of the
tentacle zone. However, the expression of both of these
genes stops suddenly at the border. Conversely, as cells
cross the border, several genes not expressed in the tentacle
zone are expressed at a high level as soon as the cells enter
the tentacle. These include an insulin receptor homologue,
HTK (Steele et al., 1996), an annexin gene (Schlaepfer etal., 1992), TS19, which is a cell-surface antigen (Bode et al.,
1988), and a hydra metalloproteinase, HMP1 (Yan et al.,
1995). In this situation, the narrow band of expression of
HyBMP5-8 at the border could facilitate the switch in
expression of many of these genes.
Thus, HyBMP5-8b could be involved in the morphogen-
esis of a tentacle or in the differentiation of the tentacle-
specific cells, or it might be involved in both processes.
More direct evidence has not yet been obtained since the
procedure for introducing dsRNA has been successfully
performed so far only with genes expressed in the ectoderm
(Lohmann et al., 1999; Smith et al., 2000), while HyBMP5-
8b is expressed in the endoderm.
The expression patterns of HyBMP5-8b are consistent with
a reaction-diffusion model of hydra patterning
Hydra’s simple structure—a single axis with radial
symmetry—and the evidence for a morphogenetic gradient
have made it an attractive subject for the modeling of pattern
forming processes. Gierer and Meinhardt (1972) modified
Turing’s reaction-diffusion model (Turing, 1952) and adap-
ted it to hydra. The essence of the model is an autocatalytic
head activator that controls head formation and a head
inhibitor produced by the activator that diffuses into the
surrounding area blocking head formation. In addition, there
is a source density gradient that corresponds to the posi-
tional value gradient. The continuing accumulation of
evidence at the tissue and molecular levels led to a revision
of the model by Meinhardt (1993). The model provides an
explanation for some of the differences observed in the
expression patterns of HyBMP5-8b and the timing of
organizer development during early stages of bud formation
and head regeneration.
During head regeneration, HyBMP5-8b is initially
expressed over the entire presumptive head region, and
only later is expression restricted to spots in the presump-
tive tentacle zone. In contrast, during bud formation, the
gene is not expressed at the tip in the presumptive
hypostome, appearing only later in the region below the
tip in a spotlike pattern where tentacles will form. Similar
differences in expression during bud formation and head
regeneration have been observed with other tentacle
markers such as HyAlx (Smith et al., 2000) and TS19
(Bode et al., 1988).
These results reflect a difference in the patterning pro-
cesses during head regeneration and bud formation that are
consistent with the Meinhardt’s (1993) revision of the
reaction-diffusion model. The model predicts the sequential
formation of hypostome and tentacle zone during head
regeneration and bud formation. However, they occur in a
different sequence in the two situations. During head
regeneration, apical tissue is initially specified to form
tentacles. Subsequently, the apical end is specified to form
the hypostome which forces tentacle formation into a ring
below the apex. This is consistent with the expression
B. Reinhardt et al. / Developmental Biology 267 (2004) 43–59 57patterns of HyAlx, the TS-19 antigen and HyBMP5-8b
during head regeneration. Each marker is initially expressed
at the apical end during head regeneration. Subsequently,
expression occurs in a ring of spots below the apex (Bode et
al., 1988; Smith et al., 2000).
Conversely, during bud formation, the apical end is
specified to form the hypostome, and the tentacle zone is
specified below at a later step. Here too the expression of the
three markers is consistent with this sequence. None of the
markers is initially expressed at the apex. Instead, each is
initially expressed later during bud formation than during
head regeneration. And, each is only expressed below the
apex, but not at the apex (Smith et al., 2000; Technau and
Holstein, 1995). HyAlx first forms as a continuous ring
around the base of the apex, which subsequently breaks up
into a ring of spots (Smith et al., 2000). In a variation of this
pattern, the TS-19 antigen and HyBMP5-8b appear as a ring
of spots below the apex.
The timing of the formation of the head organizer region
during head regeneration and bud formation is also consis-
tent with the model. The head organizer is similar to/
equivalent to the head activator. In the model, the head
activator forms early at the apical end of a developing bud.
This was also observed in the measurements of head
organizer formation in the bud as it was essentially formed
in 18 h by stage 3. While during head regeneration, the
model predicts that tentacle formation begins at the apex,
and only later does activator formation take place with the
basal displacement of tentacle formation. This is consistent
with the slower process of head organizer formation during
head regeneration, which requires 72 h.
Thus, the expression patterns of HyBMP5-8b associated
with tentacle formation during bud formation and head
regeneration coupled with the differences in the timing of
head organizer formation adds to the evidence supporting
Meinhardt’s model. This also strengthens the view that a
reaction-diffusion model provides a useful framework for
understanding the molecular mechanisms underlying axial
patterning in hydra.
Evolutionary considerations
Because hydra is a member of the Cnidaria, a group of
organisms that arose early during metazoan evolution, evo-
lutionary relationships of the hydra BMP with bilaterian
BMPs are of interest. Two aspects will be considered.
The common ancestor of cnidarians and bilaterians had two
different types of BMP ligands
Comparison of the carboxy-terminal regions of members
of the TGF-h superfamily of proteins has led to classifying
them into several subfamilies. BMP proteins form the
largest group within this family and can be classified into
two subgroups, BMP2/4 and BMP5-8 (Kingsley, 1994).
Orthologues of each subfamily have been found in both
deuterostomes and protostomes. Previously, a member ofthe BMP2/4 group, bmp2/4-Am, had been isolated from the
coral Acropora (Hayward et al., 2002) indicating BMPs
occur in cnidarians.
Sequence analysis indicates that HyBMP5-8a and
HyBMP5-8b are more closely related to the BMP5-8 group,
than to the BMP2/4 group. This view is supported by the
phylogenetic analysis, which also suggests that the two
HyBMP5-8 genes are the result of a duplication event in
hydra. Further, both the maximum likelihood and the parsi-
mony analysis indicate that all three cnidarian BMP genes are
located at the root of the branching of their respective
subfamily of bilaterian BMPs. These analyses strongly sup-
port the idea of a divergence of an ancestral BMP gene into a
BMP5-8 gene and a BMP2/4 gene before the divergence of
cnidarians and bilaterians.
Evolutionary conservation of BMP function
As described above, our findings indicate that the role of
BMP signaling molecules in a variety of developmental
processes arose at least by the time cnidarians appeared. Of
interest is if there is a more direct relationship among any of
the roles of HyBMP5-8b in hydra and BMPs in bilaterians.
There is one.
Among bilaterians, BMPs are also involved in laying out
the general positional information in the very early embryo.
For example, in Drosophila, the BMP ligands dpp and
screw have been shown to participate in the regulation of
dorsal–ventral patterning (Raftery and Sutherland, 1999).
Similarly, in vertebrates, BMPs play roles in dorsal–ventral
patterning of the early embryonic mesoderm. In Xenopus,
for example, BMP2, -4, and -7 ventralize early mesoderm
(Graff, 1997). In hydra, the expression of HyBMP5-8b in the
lower third of the adult hydra polyp could be involved in
specifying and maintenance of the aboral region of the oral–
aboral axis in the steady-state adult animal.
More specifically, there is an analogy with axis formation
in Xenopus. The Wnt pathway, and in particular, b-catenin
is involved in setting up the organizer which defines the
dorsal end of the Xenopus embryo (e.g. Cho et al., 1991).
BMP4 in conjunction with BMP7 defines the ventral end.
Similarly, in hydra, the canonical Wnt pathway appears to
be involved in the head organizer at the oral end of the axis.
HyWnt is specifically expressed at the apical end of the
hypostome, and HyTcf is expressed in the head, predomi-
nantly where HyWnt is expressed (Hobmayer et al., 2000).
Specific inhibition of GSK-3h converts body column tissue
to head organizer tissue indicating an important role for b-
catenin in the head organizer (Broun et al., unpublished
results). Thus, as in Xenopus, the canonical Wnt pathway
and BMP signaling molecules are involved in patterning the
opposite ends of an axis in hydra.
This does not imply that the oral–aboral axis of hydra is
directly analogous to the dorsal–ventral axis of Xenopus, nor
that the genes have strictly analogous functions. Instead the
similarity suggests that the use of this pair of pathways for
defining an axis may have arisen early in metazoan evolution.
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